Genetic studies have shown that ubiquitination and endocytosis of the Drosophila ligand Delta in signal-sending cells are required for activation of Notch signaling, but how these events promote Notch activation remains poorly understood. Here we show that an ubiquitination-defective mutant of the murine Delta-homologue Dll1 is endocytosed but, in contrast to the wild-type Dll1, is unable to subsequently recycle back to the cell surface nor to bind Notch1 efficiently. These results demonstrate that ubiquitination, although not required for endocytosis, is essential for Dll1 recycling, and that recycling is required to acquire affinity for the receptor. On the other hand a chimeric molecule encompassing the extracellular domain of Dll1 and the transmembrane/intracellular domain of Dll3 (which contains no lysine) is endocytosed, recycled and interacts with Notch1, but is unable to induce trans-endocytosis of the extracellular region of Notch1 nor to signal. These observations suggest that the chimera uses an ubiquitination-independent signal to recycle, allowing it to acquire affinity for Notch1. Our results support the idea that ligand recycling determines its competence to bind efficiently to the receptor, but that this is unsufficient to allow it to perform trans-endocytosis, an event required for activation of Notch signaling. Finally the present study indicates that Dll1 partially localizes to lipid microdomains, whereas both ubiquitination-defective Dll1 and the Dll1-3 chimera are excluded from these compartments, suggesting that these microdomains provide the environment necessary for Dll1 to activate Notch signaling.
Introduction
Notch signaling is an evolutionary conserved pathway, which ensures correct specification of multiple cell types through local cell-cell interactions (1) . Ligands of the DSL (Delta/Serrate/Lag2) family expressed at the cell surface interact with heterodimeric Notch molecules on adjacent cells and activate a signaling cascade, which relies on consecutive Notch cleavages. The linear nature of this signaling pathway apparently leaves little space for fine tuning and/or amplification, but a number of data suggest that specific events affecting receptors and ligands contribute to regulate Notch signaling (2) . In particular endocytosis has been shown to play a key role in Notch signaling. In Drosophila Seugnet et al have shown that dynamin-dependent endocytosis is required for Notch activation in both signal-receiving and signal-sending cells (3). Two main models have been proposed to explain this requirement in signal-sending cells (for review see (4) (5) (6)). The first one postulates that endocytosis is required after ligand/Notch interaction to generate a sufficient "pulling" strength to dissociate the heterodimeric Notch receptor, or to modify its conformation, in order to allow Notch cleavages. The second one postulates that endocytosis followed by recycling back to the plasma membrane is necessary to generate an "active" ligand, although how the ligand would become active is currently unknown. Incidentally the two models are not mutually exclusive and therefore endocytosis might be required both to generate an active ligand, and to induce Notch cleavages. Genetic studies in Drosophila have identified two E3 ubiquitin ligases, Neuralized (Neur) and Mind bomb (Mib), as regulators of ligand activity.
Neur and Mib have been shown to promote ligand ubiquitination and internalization (5).
To establish a link between ligand ubiquitination, trafficking and activation of the Notch signaling cascade, we examined trafficking and signaling activity of three Dll1 derivatives which differ essentially in their intracellular domain: wild-type murine Delta-like 1 (Dll1), a ubiquitination-defective Dll1 mutant that contains no acceptor lysine residue in its pasteur-00336966, version 1 -5 Nov 2008 intracellular domain and a chimeric molecule encompassing the extracellular region of Dll1 and the transmembrane and the intracellular region of murine Delta-like 3 (Dll3), a Delta homologue naturally devoid of lysine in its intracellular domain. The ability of the three molecules to interact with Notch1, induce trans-endocytosis of the extracellular region of Notch1 (NECD) and activate the subsequent signaling cascade were assayed. Our results demonstrate that Dll1 ubiquitination is not required for its internalization but is necessary for its recycling back to the plasma membrane and efficient interaction with Notch1. However the intracellular region of Dll3, although it allows recycling and interaction with Notch of the chimeric molecule, does not allow it to induce NECD trans-endocytosis, nor to activate signaling. Finally we investigated whether wild-type and mutant Dll1 reside in membrane microdomains. By providing an ordered membrane microenvironment, lipid rafts (7) or other domains may contribute to the clustering of Dll1 molecules, or to the interaction with specific cofactors (4) . Interestingly a genetic screen performed in C. elegans identified BRE-5/Brainiac as a positive regulator of Notch signaling that acts before the ligand-induced cleavage of Lin-12 and may target the ligands (8) . Brainiac is an enzyme that participates in the biosynthesis of glycosphingolipid, a component of lipid rafts. Indeed we observed that wild-type Dll1 preferentially localizes to lipid microdomains, whereas the ubiquitin-defective Dll1 mutant and the Dll1-3 chimera were almost excluded from these fractions.
Results
Ubiquitination and endocytosis of wild-type and mutant Dll1. To define the importance of ubiquitination in the regulation of wild-type (wt) Dll1 trafficking, we generated a Dll1 mutant, Dll1K17R, by replacing the 17 intracellular lysine residues with arginine. HEK 293T cells were transiently cotransfected with Dll1 and wild-type His-tagged ubiquitin (wt His-Ub), lysed and ubiquitinated proteins were analyzed. Figure 1A species of Dll1 are detected and undergo ubiquitination, the full length (FL) and the metalloprotease-mediated cleavage product (TMIC for TransMembrane and IntraCellular domains, (9) ). The apparent molecular weight difference between the TMIC or the FL forms present in the crude extract (Fig. 1A lanes 1-3) and those bound to Nickel beads (Fig. 1A lanes 5-6) suggest the latter represent poly-or multiubiquitinated species. To clarify this issue, we used a His-tagged ubiquitin construct in which all lysine residues were mutated to arginine (ko His-Ub). Nickel beads pull down experiments using the ko His-Ub confirmed that Dll1 was monoubiquitinated at several positions (Fig. 1A lane 5) . A longer exposure revealed that Dll1-TMIC was also monoubiquitinated on one or two lysines ( To investigate the physiological significance of Dll1 monoubiquitination, we compared the efficiency and kinetics of internalization of Dll1, Dll1K17R and Dll1-3 stably transfected into OP9 stromal cell lines, using a reversible biotinylation strategy involving surface biotinylation at 4°C followed by endocytosis at 37°C. Preliminary experiments showed that maximal internalization took place 20 min after temperature switch (data not shown). When cells were kept at 4°C, therefore preventing internalization, treatment with the membrane-impermeable reducing agent MesNa abrogated detection of the ligands, indicating that it successfully removed 90-100% of surface biotin ( Fig. 1E lanes 2, 5 and 8 ). After 20 min at 37°C, biotinylated species of the three Dll1 derivatives could be detected, indicating that they had been internalized (Fig. 1E lanes 3, 6 and 9 ). The extent of Dll1-3 internalization was similar pasteur-00336966, version 1 -5 Nov 2008 to that of wt Dll1. Dll1K17R was also internalized, though not as efficiently as wt Dll1. These results indicate that Dll1 ubiquitination is not essential for its internalization.
Recycling of wt and mutant Dll1. As direct evidence of recycling of Dll1 or other Notch ligands has not been provided so far, we assayed this event through an extension of the endocytosis assay used above. After 20 min of endocytosis and a first MesNa treatment, cells were incubated at 37°C to allow transport through recycling endosomes for various periods of time (10, 20 or 30 min). At each time point, cells were re-exposed, or not, to MesNa to strip biotin from ligands that had reached the cell surface. Immunoblots were quantified as described in Supporting Information. At least 60-70% of Dll1 and Dll1-3 had recycled to the cell surface after 10 min (Fig. 2 ). This rate was constant during 30 min. The amount of Dll1K17R was identical whether the cells were treated with MesNa or not, indicating that the mutant Dll1K17R was not able to recycle. As an internal control we used cadherin, whose recycling has been largely documented (10) . Supplementary figure (Fig S1) indicates that the half-life of surface expressed and endocytosed Dll1 and Dll1K17R is different. Dll1K17R is degraded 2.5 fold more rapidly than the wt ligand, most likely as a consequence of its inability to recycle, which implicated a feed-back into the biosynthetic and degradation rates.
All together our data suggest that Dll1 recycling is dependent on its ubiquitination, but that the intracellular domain of Dll3 allows recycling in the absence of ubiquitination. interacts with the receptor with a much lower affinity than the wt Dll1 or Dll1-3. To confirm our observations, these experiments were repeated using four different NECDFc concentrations. The quantification of this experiment (Fig 3B) shows that Dll1 and Dll1-3 exhibit a similar affinity for NECDFc whereas that of Dll1K17R is much lower. All together these results demonstrate that ligand recycling is necessary to acquire a strong affinity for the receptor.
Binding of Notch to cells expressing wt or mutant
Signaling activity of wt or mutant Dll1. To test the signaling activity of Dll1 derivatives, we took advantage of the OP9-Dll1 co-culture system that enables in vitro T cell differentiation of hematopoietic precursor cells through Notch signaling (12) . Murine Sca1+ precursor cells were co-cultured with OP9 cell lines expressing (or not) one of the three Dll1 derivatives (at similar levels). After 21 days, flow cytometric analysis showed that OP9 cells expressing wt Dll1 induced differentiation of precursor cells to double positive CD4+ CD8+ T cells (Fig. 4) . (Fig. 5a) indicating that NECD was trans-endocytosed into the wt Dll1-expressing cells. On the contrary we could not detect any HA staining in cells expressing Dll1-3 (Fig. 5b) or Dll1K17R (Fig. 5c) . ionic detergents and their ability to float in density gradients (7) . As expected, caveolin-1 was detected in detergent insoluble membrane fractions (DIM) (Fig. 6, lane 3) and ß-tubulin was found in soluble fractions (Fig. 6, lanes 6-10) . Interestingly, wt Dll1 was specifically enriched in the buoyant fractions (DIM) where caveolin-1 segregates (Fig. 6 lane 3) , suggesting an association with lipid microdomains. Dll1K17R could be found throughout the gradient but showed an enrichment in the fractions corresponding to soluble material (Fig. 6, lanes 6-10) while Dll1-3 was only found in the soluble fractions (Fig. 6, lanes 6-10) , copurifying with ß-tubulin.
Distribution of wt and mutant

Discussion
Several authors have reported that ubiquitination and endocytosis of Notch ligands in signalsending cells are required for Notch activation in signal-receiving cells (for review see (5)).
To gain some insight into the role of these various events in the "activation" of Notch ligands, we assayed endocytosis, recycling, localization in membrane microdomains, NECD binding, trans-endocytosis and Notch signaling activation using three Dll1 derivatives which differ in their intracellular domain.
The first conclusion we reached was that ubiquitination is not necessary for Dll1 internalization. Indeed the ubiquitination-defective Dll1K17R and the lysineless Dll1-3 molecules are effectively internalized, although the Dll1K17R is reproducibly less efficiently endocytosed than the wt molecule. Many yeast surface proteins have been demonstrated to require ubiquitination for their internalization (15) , but the situation is less clear in mammals.
In the case of the EGF receptor, mutation of multiple intracellular lysines within the kinase domain of the protein that lead to an almost complete loss of EGF receptor ubiquitination did not result in the decrease of its internalization rate (16) . Regarding Notch ligands it has been shown that the E3 ligase Mind Bomb 1 promotes ubiquitination and internalization of mammalian Dll1 (17) . It has also been reported that in order to be active, Drosophila Delta has to traffic through a Neur/Mib and epsin-dependent pathway, although the majority of Delta molecules traffic in a non-productive manner through a different pathway, which is
pasteur-00336966, version 1 -5 Nov 2008
ubiquitination-dependent but epsin-independent, and may lead to degradation (18) . As we now demonstrate that Dll1K17R is endocytosed but is unable to signal, these results can be interpreted in two ways: i) bulk endocytosis of Dll1 is mildly affected by the lack of ubiquitination, while the small amount of ligand that follows the activating pathway can no longer be endocytosed in the absence of ubiquitination ii) ubiquitination is required for a subsequent step of Dll1 trafficking. Our results suggest that the latter explanation is correct, and that ubiquitination is necessary for Dll1 recycling. It has been suggested that trafficking through Rab11-positive recycling endosomes ensures proper Delta activity (19) . Sec15, an effector of Rab11 (20) , has also been shown to be required for Delta recycling and signaling activity in signal-sending cells. However direct evidence of ligand recycling has not been provided. Our experiments demonstrate that wt Dll1 is effectively endocytosed and recycled back to the cell surface, while Dll1K17R is endocytosed but not recycled. These results are in agreement with a model proposed by Wang and Struhl that suggests that epsin/lqf directs ubiquitinated ligands into a recycling pathway that is necessary to produce active ligands (21) .
In mammalian cells internalization of cell surface proteins occurs through both clathrindependent and clathrin-independent pathways, the latter generally depending on cholesterolrich membrane domains, which have been postulated to play an important role in cell signaling (22) . We demonstrate here that the Dll1K17R mutant is unable to enter the membrane microdomains as well as to recycle, two apparent requirements for activation of the signaling pathway. The epistatic relationship between localization in membrane microdomains and recycling remains however to be characterized.
In contrast to Dll1K17R, the chimeric ligand Dll1-3, although not ubiquitinated, is able to recycle to the cell surface, indicating that an unknown signal present in the intracellular domain of Dll3 can bypass the requirement for ubiquitination. However this molecule is unable to signal. Geffers et al have generated a similar Dll1-3 chimeric molecule and also pasteur-00336966, version 1 -5 Nov 2008 found that this molecule did not activate Notch signaling; however the details of its trafficking had not been analyzed (23) .
When binding of clustered NECD to cells expressing either wt or mutant Dll1 molecules was tested, we observed that while Dll1 and the Dll1-3 chimera were able to bind NECD with a similar efficiency, binding by Dll1K17R was much less efficient, suggesting that recycling is somehow required for Dll1 to acquire a strong affinity for the receptor. However when we assayed NECD trans-endocytosis by the wt and mutant Dll1 molecules, we observed that wt Dll1 was the only one to be able to perform this task. Similarly, when using the hematopoietic co-culture system, a sensitive and physiological readout for Dll1-mediated activation of Notch1, we observed that only wt Dll1 was able to markedly induce T cell differentiation.
Thus, if ligand recycling is necessary to generate a molecule able to interact with a soluble clustered form of the receptor, this recycling is not sufficient to activate Notch signaling in a T cell differentiation assay. A specific event may take place either during endocytosis or recycling of Dll1 and Dll1-3 (or during both) and cause their differential behavior. As membrane microdomains have been postulated to be involved in the assembly of signaling complexes, we tested the localization of the three Dll1 derivatives and observed that Dll1, but not Dll1K17R nor Dll1-3, was present in these microdomains. The inability of the Dll1-3 chimera to trans-endocytose NECD may be due to the fact that this molecule is excluded from these microdomains.
In conclusion, our results support a model whereby specific intracellular endocytosis/recycling events of the Notch ligands are necessary both before contact with Notch, to somehow "activate" the ligand, and after the interaction, to allow NECD trans- adaptor proteins implicated in these processes, and to identify more precisely the sequential events that allow intracellular "activation" of the ligands.
Materials and methods
Constructs. Dll1-and VSV-Dll1-coding constructs in pcDNA6 or in MSCV-IRES-GFP (MIG) vector have been described previously (9) . To generate a Dll1K17R-expressing construct, the sequence coding for the extracellular and the transmembrane domain Antibodies. The antibody directed against the C-terminal part of Dll1 (anti-Dll1CT) has been previously described (9) . The antibody directed against Dll3 (anti-Dll3ic) was generated in rabbit against intracellular peptides aa 551-566 and 573-585 derived from the intracellular domain of the molecule (Eurogentec).
Cell culture, transfection and cell line establishment. HEK 293T, HeLa, Plat-E and stromal bone marrow-derived OP9 cell lines were cultured and transfected as described previously (12) . MEF cells stably expressing human HA-Notch1 were generated by retroviral infection (C. Brou and P. Chastagner, unpublished data). 
